Assembly of small building blocks such as atoms, molecules and nanoparticles into macroscopic structures-that is, 'bottom up' assembly-is a theme that runs through chemistry, biology and material science. Bacteria 1 , macromolecules 2 and nanoparticles 3 can self-assemble, generating ordered structures with a precision that challenges current lithographic techniques. The assembly of nanoparticles of two different materials into a binary nanoparticle superlattice (BNSL) [3] [4] [5] [6] [7] can provide a general and inexpensive path to a large variety of materials (metamaterials) with precisely controlled chemical composition and tight placement of the components. Maximization of the nanoparticle packing density has been proposed as the driving force for BNSL formation 3, 8, 9 , and only a few BNSL structures have been predicted to be thermodynamically stable. Recently, colloidal crystals with micrometre-scale lattice spacings have been grown from oppositely charged polymethyl methacrylate spheres 10, 11 . Here we demonstrate formation of more than 15 different BNSL structures, using combinations of semiconducting, metallic and magnetic nanoparticle building blocks. At least ten of these colloidal crystalline structures have not been reported previously. We demonstrate that electrical charges on sterically stabilized nanoparticles determine BNSL stoichiometry; additional contributions from entropic, van der Waals, steric and dipolar forces stabilize the variety of BNSL structures.
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Face-centred-cubic (f.c.c.) ordering of monodisperse hard spheres dispersed in a liquid permits larger local free space available for each sphere compared to the unstructured phase, resulting in higher translational entropy of the spheres. When the volume fraction of hard spheres approaches ,55%, this ordering enhances the total entropy of the system and drives the ordering phase transition. Entropy-driven crystallization has been studied in great detail both theoretically 12 and experimentally on monodisperse latex particles, whose behaviour can be approximated by hard spheres 13, 14 . In a mixture containing spheres of two different sizes (radii R small and R large ), the packing symmetry depends on the size ratio of the small and large spheres (g ¼ R small /R large ) 3, 8 . Calculations show that assembly of hard spheres into binary superlattices isostructural with NaCl, AlB 2 and NaZn 13 can be driven by entropy alone without any specific energetic interactions between the spheres 9, 15 . Indeed, NaZn 13 -and AlB 2 -type assemblies of silica particles were found in natural Brazilian opals 16 and can be grown from latex spheres 17 . In a certain g range, the packing density of these structures either exceeds or is very close to the density of the close-packed f.c.c. lattice (0.7405), while structures with lower packing densities are predicted to be unstable 8, 15 . Despite these predictions, we observed an amazing variety of BNSLs that self-assemble from colloidal solutions of nearly spherical nanoparticles of different materials (Fig. 1) . Coherently packed domains extend up to 10 mm in lateral dimensions, and can display well defined facets ( Supplementary Fig. 1 ). In many cases, several BNSL structures form simultaneously on the same substrate, under identical experimental conditions. The same nanoparticle mixture can assemble into BNSLs with very different stoichiometry and packing symmetry. For example, 11 different BNSL structures were prepared from the same batches of 6.2 nm PbSe and 3.0 nm Pd nanoparticles ( Supplementary Fig. 2 ). We also observe that, in general, BNSLs tolerate much broader g ranges than hard spheres: for example, AlB 2 -type BNSLs assembled from different combinations of PbSe, PbS, Au, Ag, Pd, Fe 2 O 3 , CoPt 3 and Bi nanoparticles in a broad g range ( Supplementary Fig. 3 ). Further, we observe BNSLs that could not be identified as isostructural with specific intermetallic compounds ( Supplementary Fig. 2 ). This observed structural diversity of BNSLs defies traditional expectations, and shows the great potential of modular self-assembly at the nanoscale.
The formation of binary structures with packing density significantly lower than the density of single-phase f.c.c. close packing (0.7405) rules out entropy as the main driving force for nanoparticle ordering. Moreover, van der Waals, steric or dipolar interparticle interactions are not sufficient to explain why these low density BNSLs form, instead of their constituents separating into single-component superlattices. Opposite electrical charges on nanoparticles could impart a specific affinity of one type of particle (for example, dodecanethiol-capped Au, Ag, Pd) for another (typically PbSe, PbS, Fe 2 O 3 , CoPt 3 and so on, capped with long chain carboxylic acids). If nanoparticles are oppositely charged, the Coulomb potential would stabilize the BNSL while destabilizing the singlecomponent superlattices. The electrical charges might be present on sterically stabilized nanoparticles even in non-polar solvents [18] [19] [20] . To measure charges on the nanoparticles that form our BNSL, we studied the electrophoretic mobility of PbSe and Au nanocrystals. Laser Doppler velocimetry allows the distribution of electrophoretic mobilities within an ensemble of nanoparticles to be measured. The electrical charge (Z, in units of e) of a spherical particle in a low dielectric solvent in absence of electrolyte can be calculated from the electrophoretic mobility (m e ) where m e ¼ Ze=ð3phaÞ; h is the viscosity of the solvent and a is the hydrodynamic diameter of a particle 21 . With a ¼ 10 nm, we obtain m e < 0:27 £ 10 24 Z cm 2 V 21 s 21 : These calculated values agree well with the peaks in the experimental mobility distribution for 7.2-nm-diameter PbSe nanocrystals in chloroform (Fig. 2a) . Owing to the organic coat (oleic acid), the effective hydrodynamic radius of PbSe nanocrystals extends beyond the crystalline core by 1-2 nm, depending on the density of surface coverage. The peaks in the mobility distribution curve indicate the presence of particles with charges 2e, 0, e and 2e in a colloidal solution of monodisperse PbSe nanocrystals.
We found that the charges on PbSe nanocrystals can be altered by adding surfactant molecules like carboxylic acids and tri-nalkylphosphine oxides. Addition of oleic acid increases the population of positively charged PbSe nanocrystals at the expense of the negatively charged and neutral nanocrystals. Depending on the amount of acid added, the majority of nanocrystals can be adjusted to have either one or two positive charges ( Fig. 2b and c) . Addition of oleic acid increases the solutions' viscosity, causing the peaks to shift towards lower mobility (compare Fig. 2a-c) . The addition of tri-noctylphosphine oxide (TOPO) increases the population of negatively charged PbSe nanocrystals and reduces the concentration of positively charged nanocrystals (Fig. 2d) . Surveys of many samples revealed that the additives reliably shifted the distribution of charge states; however, the initial proportion of particles in each charge state was dependent somewhat on sample processing. Both neutral and negatively charged nanoparticles were detected in chloroform solutions of 4.8 nm dodecanethiol-capped Au nanocrystals (Supplementary Fig. 5 ). After addition of oleic acid most Au nanoparticles become negatively charged (Fig. 2e) , whereas the addition of TOPO neutralizes the Au nanoparticles (Fig. 2f) . The charges on PbSe and Au nanoparticles could originate from deviations in nanocrystal stoichiometry and adsorption/desorption of charged capping ligands. Although these additives are effective in adjusting the particle charge states, the specific interactions by which this charge tuning occurs will require further study (Supplementary Discussion 1) .
In the presence of oleic acid, PbSe and Au nanoparticles are oppositely charged (Fig. 2e) . The Coulomb potential between two oppositely charged nanoparticles (Z ¼^1) separated by 10 nm of a solvent like chloroform is comparable with kT at room temperature, and solutions of mixed PbSe and metal nanoparticles retain stability for several weeks. The relatively small interparticle potential favours annealing of the BNSLs as they grow. For a NaCl-type BNSL with Z þ ¼ 1, Z 2 ¼ 21 and the nearest-neighbour distance R 0 ¼ 11.5 nm (Fig. 1a) , 
Coulomb energy determines the stoichiometry of the growing BNSL. An extended three-dimensional BNSL can form only if the positive and negative charges compensate each other. If during growth the BNSL accumulates non-compensated charge, eventually U Coul changes sign from negative to positive and the growth is selflimiting. The superlattice nucleation stage should be less sensitive to the Coulomb interactions. Indeed, we observed that many small domains with different BNSL structures can simultaneously nucleate on the same substrate, but their size does not exceed ,10 2 nanoparticles. Only one or two structures grow to larger length scales (,10 6 -10 8 particles). BNSLs with many particles per unit cell (for example, AB 4 , AB 5 , AB 6 , AB 13 ) might form when both charged and neutral nanoparticles of type B are incorporated into the structures. The presence of differently charged nanoparticles in the colloidal solutions ( Fig. 2a and Supplementary Fig. 5 ) could also contribute to the simultaneous formation of different BNSLs. Intentional addition of a large concentration of charged species into a solution of nanoparticles might reduce the Debye screening length down to R 0 , relaxing the strict rules for BNSL charge neutrality and allowing a range of new structures to be formed 10 . Tuning the charge state of the nanoparticles allows us to direct the self-assembly process. Reproducible switching between different BNSL structures has been achieved by adding small amounts of carboxylic acids, TOPO or dodecylamine to colloidal solutions of PbSe (PbS, Fe 2 O 3 , and so on) and metal (Au, Ag, Pd) nanocrystals. Figure 3 demonstrates how these additives direct the formation of specific BNSL structures. Combining native solutions of 6.2 nm PbSe and 3.0 nm Pd nanoparticles (particle concentration ratio ,1:5) results in the formation of several BNSL structures with MgZn 2 and cuboctahedral AB 13 lattices dominating. However, the same nanoparticles assemble into orthorhombic AB-and AlB 2 -type superlattices after adding oleic acid (Fig. 3a) , and into NaZn 13 -or cuboctahedral AB 13 -type BNSLs after the addition of dodecylamine or TOPO, respectively (Fig. 3b) . In the AB 13 -type BNSL, metal particles assemble into icosahedral (NaZn 13 ) or cuboctahedral (cuboctahedral AB 13 ) clusters, with each large PbSe particle surrounded by 24 metal spheres at the vertices of a snub cube 7 . In the presence of TOPO the metal nanoparticles are neutral (Fig. 2f) , favouring formation of the Pd 13 (Au 13 , Ag 13 ) clusters. The clusters of metal nanoparticles in turn provide screening of the charges on PbSe nanocrystals in the AB 13 -type BNSL.
Surveys of many samples show that the addition of a carboxylic acid to solutions of PbSe-Pd, PbSe-Au, PbSe-Ag and PbSe-Fe 2 O 3 nanoparticle mixtures results in either AB or AB 2 superlattices (Fig. 3c, e) , whereas the addition of TOPO to mixtures of the same nanoparticles favours growth of AB 13 (if g , ,0.65) or AB 5 (if g . ,0.65) BNSLs (Fig. 3d, f) . Thus the space-filling principles and particle charging work in combination to determine the structure. Adjusting the relative concentrations of A and B particles can be used as an additional tool with which to control the BNSL structure. For example, in presence of TOPO, AB 4 BNSLs can form when the A:B ratio is ,1:1, whereas exclusively AB 13 forms in the presence of large excess B particles.
In contrast to particles with amorphous or polycrystalline morphology, nanocrystals allow exploitation of the inherent crystal anisotropy to precisely engineer nanocrystal shape 22 . The nanocrystal shape can in turn be used as a powerful tool to engineer the structure of the self-assembled BNSLs. For example, Fig. 4 shows several BNSLs self-assembled from LaF 3 triangular nanoplates and spherical Au or PbSe nanocrystals. In the LaF 3 -Au system, the LaF 3 nanoplates lie flat on silicon oxide surface (Fig. 4a) and stand on edge when assembled on amorphous carbon (Fig. 4b and c) , demonstrating how the choice of substrate can be used to control the BNSL structure.
It is specifically at the nanoscale that the van der Waals, electrostatic, steric repulsion and the directional dipolar interactions can contribute to the interparticle potential with comparable weight 18, 23, 24, 25 . These, together with the effects of particle substrate interactions and space-filling (entropic) factors, combine to determine the BNSL structure. The non-equilibrium nature of our evaporative self-assembly process adds additional complexity 26 . Precise control of nanoparticle size, shape and composition allows us to engineer electronic, optical and magnetic properties of nanoparticle building blocks. Assembling these nanoscale building blocks into a wide range of BNSL systems provides a powerful modular approach to the design of 'metamaterials' with programmable physical and chemical properties.
METHODS
Nanoparticle synthesis. Au, Ag and Pd nanoparticles were prepared by modifying the method of ref. 27 . Metal salts were dissolved in 10 ml of toluene with ultrasonication in the presence of dodecyldimethylammonium bromide (DDAB). For synthesis of 5.0 nm Au and 4.2 nm Ag nanoparticles, we used 0.034 g AuCl 3 and 0.025 g AgNO 3 , respectively, and 0.0925 g DDAB. 3.0 nm Pd nanocrystals were synthesized from 0.0237 g PdCl 2 with 0.157 g DDAB. Forty microlitres of a 9.4 M aqueous solution of NaBH 4 were added drop-wise to the solution of metal salt with vigorous stirring. After 20 min, 0.8 ml 1-dodecanethiol was added and the stirring was continued for five more minutes. The nanoparticles were precipitated by adding ethanol, and the solid redispersed in 10 ml toluene in the presence of 0.8 ml 1-dodecanethiol and refluxed for 30 min under nitrogen. Fe 2 O 3 nanocrystals were synthesized by methods adapted from ref. 28 . Briefly, 11 nm and 13.4 nm Fe 2 O 3 nanocrystals were synthesized by injecting 0.2 ml iron pentacarbonyl into 10 ml trioctylamine in the presence of 0.65 g oleic acid at 270 8C and 250 8C, respectively. After heating of the reaction mixtures at 320 8C for 1 h, the reaction mixture was cooled to room temperature. 0.17 g trimethylamine N-oxide was added to oxidize the iron nanoparticles to g-Fe 2 O 3 , and the reaction mixture was heated to 130 8C for 1.5 h and 320 8C for 1 h. Details of the synthesis of PbSe, PbS and LaF 3 nanocrystals can be found in refs 7, 29 and 30, respectively. Preparation of binary superlattices. A substrate (for example, a carbon-or silicon oxide-coated transmission electron microscope (TEM) grid, a silicon nitride membrane or an alkyl-functionalized silicon chip) was placed in a glass vial containing a colloidal solution of nanoparticles. The vial was placed tilted by 608-708 inside a low-pressure chamber. Ordered binary assemblies formed upon evaporation of the solvent. Toluene and mixtures of toluene with tetrachloroethylene or chloroform were used as solvents (,1:1 by volume). The best binary assemblies (as determined by the length scale of ordering and a low occurrence of defects) were obtained by evaporating relatively concentrated colloidal solutions at 45 8C under reduced pressure (,3.2 kPa). Structural analysis. A Philips CM12 TEM operating at 120 kV was used to image the structure of the assemblies. Three-dimensional descriptions of the superlattices were developed by surveying large regions of the samples, to categorize all the crystal orientations, and recording a series of two-dimensional projections down the major symmetry axes. Tilting of the samples allowed observation of additional orientations not expressed in the plan view images. To assign the observed structures to crystallographic space groups, we built three-dimensional lattice models for the 180 most common space groups using Accelrys MS Modelling 3.1 software. The TEM images were compared with simulated projections to match the symmetry of our superlattices. We also performed a comparison of experimental small-angle electron diffraction patterns taken over larger areas, and the two-dimensional Fourier transformation power spectra of real space TEM images and the fast Fourier transform power spectra of the simulated projections to assure consistency. Electrophoretic mobility measurements. These were performed by electrophoretic light scattering using a Zetasizer Nano ZS Series (Malvern), allowing measurements in non-polar organic solvents. We used chloroform solutions with nanoparticle concentrations ,5 times higher than those used for growing binary superlattices. The concentrations of additives (oleic acid and TOPO) were similar to those used for directing BNSL self-assembly. After preparation, the colloidal solutions were left in the dark for several hours to allow the systems to equilibrate before each measurement. 
